We compare nuclear forces derived from chiral effective field theory (EFT) with those obtained from traditional (phenomenological and meson) models. By means of a careful analysis of paralleles and differences, we show that chiral EFT is superior to all earlier approaches in terms of both formal aspects and successful applications in ab initio calculations. However, in spite of the considerable progress made possible by chiral EFT, complete satisfaction cannot be claimed until outstanding problems-the renormalization issue being the most important one-are finally settled.
Introduction
As the Editors of this Topical Issue point out in the Preface, the nuclear theory of the past was nothing but an omnium-gatherum of models. This is very unsatisfactory in view of the traditional goal of theoretical physics, namely, to develop theories that are reductionist, unifying, and fundamental. However, the gap between the jumble of nuclear models and the holy grail of theory is so wide that there is no hope to overcome it any time soon. This is where the notions of emergence and effectiveness (effective theories) enter the picture. They provide a compromise as well as a more realistic aim. Beyond that, it may even be true that a field as complex as nuclear physics may, by its intrinsic nature, never be amenable to the ideals of the epistomological purist. Thus, effective theories may represent the highest level of understanding that we may ever be able to achieve for nuclear physics phenomena. In this spirit, the past quarter century has seen progress in nuclear theory in terms of the development of effective theories. The chaos of the models of the past has been redesigned and absorbed into the organized structures of effective (field) theories. Ideas and mechanisms already contained in some of those models are put on more fundamental grounds and arranged within the proper order that effective field theories (EFTs) typically provide. Abandoning pure phenomenology and reordering valid ideas within a systematic scheme are the novel and progressive steps.
Nuclear theory has essentially two ingredients: nuclear forces and many-body methods/models. This contribution will be about the nuclear force part of the story. We will explain how, within an EFT, the plurality of past nuclear force models is replaced by a systematic scheme reflecta e-mail: machleid@uidaho.edu b e-mail: fsammarr@uidaho.edu ing the essential phenomenology that the models tried to catch. EFT discards unacceptable phenomenology and retains and reformulates the remainder in the framework of proper order-this order being characterized by symmetries and some form of systematic expansion based upon an appropriate scale.
The bottom line question will be: Is the EFT approach to nuclear forces more satisfying from the theoretical point of view than the previous multitude of models ? We will address this question at the end of this contribution.
To facilitate ease of understanding, we subdivide the flow of information into the following three historical eras:
-Era I (1935 − 1960) : "Fundamental" theories for nuclear forces, -Era II (1960 − 2000) : Diverse nuclear force models, -Era III (1990 − today): Chiral EFT of nuclear forces.
Era III overlaps with Era II, because the dawn of EFT occured during the dusk of intense model construction.
The irony in the history of the theory of nuclear forces is that, originally (during Era I), the goal was the traditional one, namely, to pursue a unifying and fundamental (field) theory. Meson theory offered to be the best candidate, but could ultimately not satisfy the basic requirements for a valid field theory. That should have suggested, early on (already around 1960), to switch to the concept of EFT. However, this framework did not get established until the 1980's, although ideas that in modern language could be called EFT concepts were already advanced in the 1960's [1, 2, 3, 4, 5] . The ultimate reason for the failure of meson theory is, of course, that the fundamental theory of strong interactions (QCD) involves quarks and gluons rather than nucleons and mesons. This paper is organized such that further sections follow the above stated historical phases and end with conclusions in sect. 5. arXiv:2001.05615v1 [nucl-th] 16 Jan 2020 2 Era I (1935 2 Era I ( -1960 : "Fundamental" theories for nuclear forces In 1935, the Japanese physicist Hideki Yukawa [6] suggested that nucleons would exchange particles between each other and this mechanism would create the nuclear force. Yukawa constructed his theory in analogy to the theory of the electromagnetic interaction where the exchange of a (massless) photon is the cause of the force. However, in the case of the nuclear force, Yukawa assumed that the "force makers" (which were eventually called "mesons") carry a mass equal to a fraction of the nucleon mass. This would limit the effect of the force to a finite range. Similar to other theories that were floating around in the 1930's (like the Fermi-field theory [7] ), Yukawa's meson theory was originally meant to represent a unified field theory for all interactions in the atomic nucleus (weak and strong, but not electromagnetic). But after about 1940, it was generally agreed that strong and and weak nuclear forces should be treated separately.
Yukawa's proposal did not receive much attention until the discovery of the muon in cosmic ray [8] in 1937 after which the interest in meson theory escalated. In his first 1935 paper, Yukawa had envisioned a scalar field theory, but when the spin of the deuteron ruled that out, he contemplated vector fields [9] . Kemmer considered the whole variety of non-derivative couplings for spin-0 and spin-1 fields (scalar, pseudoscalar, vector, axial-vector, and tensor) [10] . By the early 1940's, the pseudoscalar theory was gaining popularity, since it appeared more suitable for the deuteron (quadrupole moment). In 1947, a strongly interacting meson was found in cosmic ray [11] and, in 1948, in the laboratory [12] : the isovector pseudoscalar pion with mass around 138 MeV. It appeared that, finally, the right quantum of strong interactions had been found.
Originally, the meson theory of nuclear forces was perceived as a fundamental relativistic quantum field theory (QFT), similar to quantum electrodynamics (QED), the exemplary QFT that was so successful. In this spirit, much effort was devoted to pion field theories in the early 1950's [13, 14, 15, 16, 17, 18] . Ultimately, all of these meson QFTs failed. In retrospect, they would have been replaced anyhow, because mesons and nucleons are not elementary particles and QCD is the correct QFT of strong interactions. However, the meson field concept failed long before QCD was proposed since, even when considering mesons as elementary, the theory was beset with problems that could not be resolved. Assuming the renormalizable pseudoscalar (γ 5 ) coupling between pions and nucleons, large virtual pair terms emerged from the theory, but were not confirmed experimentally in pion-nucleon (πN ) or nucleon-nucleon (N N ) scattering. Using the pseudovector or derivative coupling (γ 5 γ µ ∂ µ ), these pair terms were suppressed, but this type of coupling was not renormalizable [16] . Moreover, the large coupling constant (g 2 π /4π ≈ 14) made perturbation theory unsuitable. Last not least, the pion-exchange potential contained unmanageable singularities at short distances.
The above problems led the theorists of the time to abandon quantum field theories for the strong interaction.
Instead, S-matrix and dispersion theories became popular, since thay do not start from a Lagrangian.
Ideas which, in today's terminology, would be characterized as EFT inspired, emerged as early as 1967. Weinberg showed that the results of current algebra could be reproduced by starting from a suitable "phenomenological" Langrangian and evaluating Feynman diagrams at tree level [1, 2] . At first, this was not taken very seriously as a dynamic theory, because the derivative coupling contained in that Lagrangian was not renormalizable, such that it did not seem possible to go beyond tree level. Only about a decade later [3] , it was realized that, if the Langrangian includes all terms consistent with the assumed symmetries, there will always be a counter term to renormalize the result at the given order [3] . In this sense, "Nonrenormalizable theories, ..., are just as renormalizable as renormalizable theories." [5] After Weinberg's 1979 paper [3] , the EFT approach to ππ and πN scattering was picked up by Gasser, Leutwyler, and others [19, 20] . Finally, around 1990 and, again, upon the initiative by Weinberg, also the N N problem was considered in terms of an EFT [21, 22, 23, 24, 25] .
Thus, for the above rather intriguing reasons, we are faced with a large gap in the history of truly fundamental approaches to nuclear forces that lasted from about 1960 to 1990. Instead, during this time, a plurality of models were proposed.
Era II (1960 -2000): Diverse nuclear force models
To bring some order into the large variety of nuclear force models developed during this period, it is convenient to distinguish between pure phenomenology and meson models. However, it should be noted that, because the importance of the one-pion exchange (1PE) was recognized as early as 1956 [26] , all nuclear force models include 1PE to describe the long-range part of the nuclear force since around 1960. Thus, the difference between the various models has essentially to do with how they describe the intermediate and short range parts of the force.
Purely phenomenological N N potentials
The first semi-quantitative phenomenological N N potential is the one by Gammel and Thaler [27] , which was followed by the more quantitative Hamada-Johnston [28] and Reid [29] potentials. To describe the short-range, the former two potentials apply a repulsive (infinite) hard core, while the Reid potential comes in hard-and softcore versions. The Hamada-Johnston potential was used frequently in the 1960's, and the Reid soft-core potential became the most popular potential of the 1970's. The construction of purely phenomenological N N potentials continued through the 1980's and 90's with the Urbana v 14 (UV14) [30] , the Argonne v 14 (AV14) [31] , and the Argonne v 18 (AV18) [32] potentials. 
Meson models for the N N interaction
Around 1960, rich phenomenlogical knowledge about the N N interaction had accumulated due to systematic measurements of N N observables [33] and advances in phase shift analysis [34] . Clear evidence for a repulsive core and a strong spin-orbit force emerged [27] . This lead Sakurai [35] and Breit [36] to postulate the existence of a neutral vector meson (ω meson), which would create both these features. Furthermore, Nambu [37] and Frazer and Fulco [38, 39] showed that the ω meson and a 2π P -wave resonance (ρ meson) would explain the electromagnetic structure of the nucleons. Soon after these predictions, heavier (nonstrange) mesons were found in experiment, notably the vector (spin-1) mesons ρ(770) and ω(782) [40, 41] . It then became fashionable to add these newly discovered mesons to the meson theory of the N N interaction. However, to avoid the problems with multi-meson exchanges and higher order corrections encountered during Era I, the models only allowed for single exchanges of heavy mesons (i. e., lowest order). In addition, one would multiply the meson-nucleon vertices with form factors ("cutoffs") to remove the singularities at short distances. Clearly, these were models motivated by the meson-exchange idea-not QFT. The simpler versions of this kind became known as the one-boson-exchange (OBE) models, which were started in the early 1960's [42, 43, 44] 1 and turned out to be very successful in describing the phenomenology of the N N interaction. Their popularity extended all the way into the 1990's [46, 47, 48] . -The pseudoscalar pion with a mass of about 138 MeV and isospin I = 1 (isovector). It is the lightest meson and provides the long-range part of the potential and most of the tensor force. 1 The research devoted to the N N interaction during the 1960's has been thoroughly reviewed by Moravcsik [45] . -The isovector ρ meson, a 2π P -wave resonance of about 770 MeV. Its major effect is to cut down the pion tensor force at short range. -The isoscalar ω meson, a 3π resonance of 782 MeV and spin 1. It creates a strong repulsive central force of short range ('repulsive core') and the nuclear spinorbit force. -The scalar-isoscalar f 0 (500) or σ boson with a mass around 500 MeV. It provides the crucial intermediate range attraction necessary for nuclear binding. Its interpretation as a particle is controversial [49] . It may also be viewed as a simulation of effects due to correlated S-wave 2π-exchange.
The One-Boson-Exchange Model
Obviously, just these four mesons can produce the major properties of the nuclear force. 2 Classic examples for OBE potentials (OBEPs) are the Bryan-Scott potentials started in the early 1960's [42, 43, 44] , but soon many other researchers got involved [51, 52, 53] . Since it is suggestive to think of a potential as a function of r (where r denotes the distance between the centers of the two interacting nucleons), the OBEPs of the 1960's where represented as local r-space potentials. Some groups continued to hold on to this tradition and, thus, the construction of improved r-space OBEPs continued well into the 1990's [46] .
An important advance during the 1970's was the development of the relativistic OBEP [54, 55, 56, 57, 58, 59, 60, 61, 62] . In this model, the full, relativistic Feynman amplitudes for the various one-boson-exchanges are used to define the potential. These nonlocal expressions do not pose any numerical problems when used in momentum space and allow for a more quantitave descripton of N N scattering. The high-precision CD-Bonn [48] as well as the Stadler-Gross [63] potentials are of this nature. 
Beyond the OBE approximation
Historically, one must understand that, after the failure of the pion theories in the 1950's, the OBE model was considered a great success in the 1960's [51, 52] .
On the other hand, one has to concede that the OBE model is a great simplification of the complicated scenario of a full meson theory for the N N interaction. Therefore, in spite of the quantitative success of the OBEPs, there should be concerns about the approximations involved in the model. Major critical points include:
-The scalar isoscalar σ 'meson' of about 500 MeV, -neglecting all non-iterative diagrams, -the role of meson-nucleon resonances.
Two pions, when 'in the air', can interact strongly. When in a relative P -wave (L = 1), they form a proper resonance, the ρ meson. They can also interact in a relative S-wave (L = 0), which gives rise to the σ boson. Whether the σ is a proper resonance is controversial, even though the Particle Data Group lists an f 0 (500) or σ(500) meson, but with a width of 400-700 MeV [49] . It is for sure that two pions have correlations, and if one doesn't believe in the σ as a two pion resonance, then one has to take these correlations into account. There are essentially two approaches that have been used to calculate these twopion exchange (2PE) contributions to the N N interaction (which generates the intermediate range attraction): dispersion theory and field theory.
In the 1960's, dispersion theory was developed out of frustration with the failure of a QFT for strong interactions in the 1950's [18] . In the dispersion-theoretic approach, the N N amplitude is connected to the (empirical) πN amplitude by causality (analyticity), unitarity, and crossing symmetry. Schematically this is shown in fig. 2 . The full diagram (a) is analysed in terms of two (Note that there are also crossed pion exchanges which are not shown.) The shaded circle stands for ππ re-scattering. Quantitatively, these processes are taken into account by using empirical information from πN and ππ scattering (e. g., phase shifts) which represents the input for such a calculation. Dispersion relations then provide the onshell N N amplitude, which -with some kind of plausible prescription -is represented as a potential. The Stony Brook [64, 65, 66] and Paris [67, 68, 69] groups pursued this approach. They could show that the intermediate-range part of the nuclear force is, indeed, decribed fairly well by the 2π-exchange as obtained from dispersion integrals. To arrive at a complete potential, the 2π-exchange contribution is complemented by one-pion and ω exchange. Besides this, the Paris potential [70, 71] contains a phenomenological short-range part for r < 1.5 fm to improve the fit to the N N data. The Paris N N potential was very popular during the 1980's.
A first field-theoretic attempt towards the 2π-exchange was undertaken by Lomon and Partovi [72] . Later, the more elaborated model shown in fig. 3 was developed by the Bonn group [73] . The model includes contributions from isobars as well as from ππ correlations. This can be understood in analogy to the dispersion relations picture. In general, only the lowest πN resonance, the socalled ∆ isobar (spin 3/2, isospin 3/2, mass 1232 MeV), is taken into account. The contributions from other resonances have proven to be small for the low-energy N N processes under consideration. A field-theoretic model treats the ∆ isobar as an elementary (Rarita-Schwinger) particle. The six upper diagrams of fig. 3 represent uncorrelated 2π exchange. The crossed (non-iterative) two-particle exchanges (second diagram in each row) are important. They guarantee the proper (very weak) isospin dependence due to characteristic cancelations in the isospin dependent parts of box and crossed box diagrams. Moreover, their contribution is about as large as the one from the corresponding box diagrams (iterative diagrams); therefore, they are not negligible. In addition to the processes discussed, also the correlated 2π exchange has to be included (lower two rows of fig. 3 ). Quantitatively, these contributions are about as sizable as those from the uncorrelated processes. Graphs with virtual pairs are left out, because the pseudovector (gradient) coupling is used for the pion, in which case pair terms are small.
Besides the contributions from two pions, there are also contributions from the combination of other mesons. The combination of π and ρ is particularly significant, fig. 4 . This contribution is repulsive and important to suppress the 2π exchange contribution at high momenta (or small distances), which is too strong by itself.
The Bonn Full Model [73] , includes all the diagrams displayed in figs. 3 and 4 plus single π and ω exchanges.
Having highly sophisticated models at hand, like the Paris and the Bonn potentials, allows to check the approximations made in the simple OBE model. As it turns out, the complicated 2π exchange contributions to the N N interaction tamed by the πρ diagrams can well be simulated by the single scalar isoscalar boson, the σ, with a mass around 550 MeV. In retrospect, this fact provides justification for the simple OBE model.
The most important result of Era II is that meson exchange is an excellent phenomenology for describing the N N interaction. It allows for the construction of very quantitative models. Therefore, the high-precision N N potentials constructed in the mid-1990's are all based upon meson phenomenology [46, 47, 48] . However, with the rise of QCD to the ranks of the authoritative theory of strong interactions, it became more and more clear that mesonexchange is to be seen as just a model.
Models for nuclear many-body interactions
Originally, it was hoped that the structure of finite nuclei could be understood in terms of just the two-nucleon force (2NF) [74] -if one would only find the "right" 2NF. However, in the course of the 1970's, when more reliable microscopic calculations became available, growing evidence accumulated that showed that it was impossible to saturate nuclear matter at the right energy and density when applying only 2NFs [75, 76, 77, 50] . Another problem was the triton binding energy, which was considerably underpredicted with the 2NFs available at the time [78, 79] . These failures were interpreted as an indication for the need of nuclear many-body forces.
Strictly speaking, many-nucleon forces are an artefact of theory. They are created by freezing out non-nucleonic degrees of freedom contained in the full-fledged problem. Examples are given in fig. 5 . In part (a) of the figure, the frozen degree of freedom is a nucleon resonance (here: the ∆(1232) isobar with spin and isospin 3 2 ), in (b) an antinucleon, and in (c) meson resonances (here: the σ and ρ bosons).
The oldest examples of three-body forces are those derived by Primakoff and Holstein [80] in 1939. They arise from particle-antiparticle pairs, fig. 5 (b), which, in a nonrelativistic model, are represented by three-body potential terms. While these forces turned out to be negligible for atomic systems, they were found to be sizable for nuclear systems [80] . This fact is demonstrated in the socalled Dirac-Brueckner approach to nuclear matter [81, 82, 83, 84, 85, 86, 87] , where diagram 5(b) plays a crucial role. Diagram (a) of fig. 5 was first considered by Fujita and Miyazawa (FM) [88] in 1957, and both diagrams (a) and (b) were taken into account by the Catania group [89] . Diagram (c), with all mesons involved of the scalar type, was evaluated by Barshay and Brown [90] and found to be fairly large.
For a reliable approach to three-nucleon forces (3NFs), two aspects need to be considered: First, as far as possible, one should take into account all processes that may create a 3NF and, second, the strength of the contributions should be consistent with their size in other hadronic reactions. In this context, it was noticed early on that the internal parts of fig. 5 (a)-(c) are major contributions to pion-nucleon scattering [91, 92] . This suggests the idea to use the empirical πN amplitude as starting point, where however the pions are on their mass shell. On the other hand, within a 3NF diagram, the pions are virtual and space-like and, therefore, the amplitude must be extrapolated off mass-shell. In the work of refs. [93, 94, 95] , this is accomplished by applying constraints based upon current algebra and partial conservation of axial current (PCAC). This approach has become known as the Tucson-Melbourne (TM) 3NF, shown symbolically in fig. 6 . The shaded area in that figure contains everything that contributes to πN scattering-except a positive-energy single-nucleon intermediate state to avoid double counting, since the latter is automatically generated by the iteration of the 1PE twonucleon force.
It is instructive to note that, for the 2PE 3NF, the same dichotomy exists as for the 2PE contribution to the 2NF (cf. sect. 3.2.2). The TM 3NF is based upon dispersion theory, while the alternative, a field-theoretic approach based upon Langrangians, was pursued by Robilotta and coworker [96] , known as the Brazilian 3NF.
Moreover, in analogy to the πρ contributions to the 2NF ( fig. 4 ), later work on the 3NF also included ρ-exchange in the diagram of fig. 6 [97, 98, 99] .
The attraction provided by the FM or TM 2PE 3NFs has proven to be useful in explaining the binding energies of light nuclei (particularly, 3 H and 4 He) which are, in general, underbound when only 2NFs are applied. However, this added attraction leads to overbinding and too high a saturation density in nuclear matter (cf. fig. 7 , curve labeled UV14+TM). Therefore, some groups added a repulsive short-range 3NF which ameliorates the problem, 4 He energies obtained with the nonlocal CD-Bonn interaction are closer to experiment than the predictions of local models, but it is predicted that nuclear matter properties are farther away.
It has been stressed by Friar ͓32͔ that the various representations of v are related by unitary transformations. It should be possible to use these transformations to find the appropriate current operators that will explain the deuteron form factors with wave functions predicted by the nonlocal models. These transformations will also generate three-body forces accounting for the difference between energies obtained from local and nonlocal models. Thus the deuteron form factors do not exclude nonlocal representations of v i j . However, it seems that the simplest realistic models of the nuclear Hamiltonian may be obtained with local v i j , and fortunately there is much less model dependence in these. In the present paper we use the AV18 model of v i j ; however, the other local models will presumably require similar V i jk .
The two-nucleon interaction v i j depends both on the relative momentum pϭ(p i Ϫp j )/2 and the total momentum P ϭp i ϩp j of the interacting nucleons. We can express it as
where ␦v(Pϭ0)ϭ0. The models discussed above give ṽ i j in the Pϭ0, center of momentum frame. In many calculations the ṽ i j is used as an approximation to v i j by neglecting the boost correction ␦v(P i j ). In fact terms dependent on p included in ṽ i j are of the same order as those in ␦v(P i j ) dependent on P ͓33͔. It is essential to include the ␦v(P i j ) to obtain the true momentum dependence of the v i j . For example, the electromagnetic interaction between two charges, as well as the analogous vector-meson-exchange interaction between two nucleons depends upon p 1 •p 2 ϭ(1/4)P 2 Ϫp 2 .
The ṽ includes only the p 2 term, while the P 2 term is in ␦v. The ␦v is related to ṽ and its leading term of order P 2 is given by
The validity of the above equation, obtained by Friar ͓34͔, in classical and quantum relativistic mechanics and in relativistic field theory has been shown in Ref. ͓33͔.
The effects of the ␦v(P i j ) on the energies of 3 H and 4 He ͓17͔ and nuclear matter ͓3͔ have been studied for the AV18 model using the variational method. This boost correction gives a repulsive contribution in both cases. It increases the triton energy by ϳ0.4 MeV away from experiment, while the nuclear matter equilibrium E 0 and 0 move to Ϫ13.7 MeV at 0.23 fm Ϫ3 , which is closer to the empirical density, but farther from the empirical energy. The variational Monte
Carlo ͑VMC͒ studies ͓17͔ of ␦v(P i j ) also show that the of Eq. ͑2.8͒ and that only the first six operator terms ͑the static terms͒ of AV18 give substantial contributions. Accordingly, we ignore the last term of Eq. ͑2.8͒ in this paper and evaluate the first two for only the static parts of ṽ . Furthermore, it was shown that the terms arising from the derivatives acting on operators in ṽ were negligible, so we do not evaluate them here.
III. ILLINOIS MODELS OF V ijk
The Illinois V i jk are expressed as
Their four terms represent the V 2, PW , V 2,SW , V 3,⌬R , and V R interactions with strengths A 2 PW , A 2 SW , A 3 ⌬R , and A R . In the following sections we give the spin-isospin and spatial operators associated with these interactions and the theoretical estimates of the strengths. In the older Urbana models A 2 PW is denoted by A 2 , A R by U 0 , and the V 2,SW and V 3,⌬R terms are absent.
A. V 2,PW
The earliest model of V 2, PW is due to Fujita and Miyazawa ͓11͔, who assumed that it is entirely due to the excitation of the ⌬ resonance as shown in Fig. 2͑a͒ . Neglecting the nucleon and ⌬ kinetic energies we obtain
Here Y (r) and T (r) are short-range cutoff functions. We note that the one-pion-exchange two-nucleon interaction In the work by the Urbana group, many versions of such 3NF were developed with Urbana IX (UIX) being the most popular one-applied in light nuclei, nuclear matter ( fig. 7 , curve AV18+UIX), and neutron matter [101, 104, 105] . In later work [106] , the Urbana group extended their model for the 3NF by including the 2π-exchange S-wave contribution (which according to ref. [107] can be sizable) plus three-pion exchange ring diagrams with one ∆ excitation ( fig. 8 ). The peculiar spin and isospin dependencies of ∆ring diagrams were found to be helpful in the explanation of spectra of light nuclei. This has become known as the Illinois 3NFs [106] , which so far have evolved up to Illinois-7 (IL7) [108] . [112] . The AV18 2NF plus IL7 3NF yield a pathological equation of state of pure neutron matter [113] . In addition, the so-called A y puzzle of nucleon-deuteron scattering [114] is not resolved by any of the phenomenological 3NFs [115] .
Last but not least, we also mention that models do exist where the degree of freedom responsible for the generation of 3NF-like contributions is not frozen out. In the work of Amorim and Tjon [85] , the antinucleon degree of freedom is treated consistently in a nuclear matter calculation. Triton calculations in which the nucleon and the ∆ isobar are regarded on an equal footing have been performed by the Hannover group [116, 117, 118, 119] and Picklesimer and coworkers [120, 121] . In such coupled systems, diagrams of the type displayed in fig. 8a , c, and d (and many more which also include two and three ∆'s) are generated automatically. A consistent treatment of the ∆ isobar also affects the two-nucleon force when inserted into the nuclear medium, as indicated in fig. 9 . This effect is repulsive [122, 123] and essentially cancels the attraction produced by the ∆-induced 3NF contributions, leaving basically no net effect [50, 120, 121] .
The bottom line of Era II is that while excellent results were obtained for phenomenological and meson-theoretic 2NFs, the 3NFs of the Era did rather poorely.
Era III (1990 -today): Chiral EFT of nuclear forces
Quantum chromodynamics (QCD) is the theory of strong interactions. It deals with quarks, gluons and their interactions and is part of the Standard Model of Particle Physics. QCD is a non-Abelian gauge field theory with color SU (3) as the underlying gauge group. The non-Abelian nature of the theory has dramatic consequences. While the interaction between colored objects is weak at short distances or high momentum transfer ("asymptotic freedom"), it is strong at long distances ( > ∼ 1 fm) or low energies, leading to the confinement of quarks into colorless objects, the hadrons. Consequently, QCD allows for a perturbative analysis at high energies, whereas it is highly non-perturbative in the low-energy regime, making analytic solutions difficult. Nuclear physics resides at low energies and deals with nucleons and mesons, rather than quarks and gluons. This scenario calls for an EFT, for which the following steps need to be taken: 4 Concerning scales, the large difference between the masses of the pions and the masses of the vector mesons, like ρ(770) and ω(782), provides a clue. From that observation, one is prompted to take the pion mass as the identifier of the soft scale, Q ∼ m π , while the rho-meson mass sets the hard scale, Λ χ ∼ m ρ ∼ 1 GeV, often referred to as the chiral-symmetry breaking scale. The expansion will then be in terms of Q/Λ χ .
Effective Lagrangians
An important approximate symmetry of low-energy QCD is chiral symmetry, because the up and down quarks are almost massless. However, this symmetry is spontaneously broken. The degrees of freedom relevant to nuclear physics are pions (the Goldstone bosons of the spontanously broken symmetry) and nucleons. Since the interactions of Goldstone bosons must vanish at zero momentum transfer and in the chiral limit (m π → 0), the low-energy expansion of the effective Lagrangian is arranged in powers of derivatives and pion masses. This effective Lagrangian is subdivided into the following pieces,
where L ππ deals with the dynamics among pions, L πN describes the interaction between pions and a nucleon, and L N N contains two-nucleon contact interactions which consist of four nucleon-fields (four nucleon legs) and no meson fields. The ellipsis stands for terms that involve two nucleons plus pions and three or more nucleons with or without pions, relevant for nuclear many-body forces. The individual Lagrangians are organized in terms of increasing orders:
where the superscript refers to the number of derivatives or pion mass insertions (chiral dimension) and the ellipses stand for terms of higher dimensions. In the few-nucleon sector, it is customary to use the heavy-baryon formulation of the Lagrangians, the explicit expressions of which can be found in refs. [124, 128] .
Power counting
An infinite number of Feynman diagrams can be evaluated from the effective Langrangians and so one needs to be able to organize these diagrams in order of their importance. Chiral perturbation theory (ChPT) provides such organizational scheme.
In ChPT, graphs are analyzed in terms of powers of small external momenta over the large scale: (Q/Λ χ ) ν , where Q is generic for a momentum (nucleon three-momentum or pion four-momentum) or the pion mass, and Λ χ ∼ 1 GeV is the chiral symmetry breaking scale (hadronic scale, hard scale). Determining the power ν has become known as power counting.
For the moment, we will consider only so-called irreducible graphs. By definition, an irreducible graph is a diagram that cannot be separated into two by cutting only nucleon lines. Following the Feynman rules of covariant perturbation theory, a nucleon propagator carries the dimension Q −1 , a pion propagator Q −2 , each derivative in any interaction is Q, and each four-momentum integration Q 4 . This is known as naive dimensional analysis or Weinberg counting [22] . Applying some topological identities, one obtains for the power of an irreducible diagram involving A nucleons [22, 124] 
with
In the two equations above: for each vertex i, C represents the number of individually connected parts of the diagram while L is the number of loops; d i indicates how many derivatives or pion masses are present and n i the number of nucleon fields. The summation extends over all vertices present in that particular diagram. Notice also that chiral symmetry implies ∆ i ≥ 0. Interactions among pions have at least two derivatives (d i ≥ 2, n i = 0), while interactions between pions and a nucleon have one or more derivatives (d i ≥ 1, n i = 2). Finally, pure contact interactions among nucleons (n i = 4) have d i ≥ 0. In this way, a low-momentum expansion based on chiral symmetry can be constructed. Naturally, the powers must be bounded from below for the expansion to converge. This is in fact the case, with ν ≥ 0.
Furthermore, the power formula eq. (5) allows to predict the leading orders of connected multi-nucleon forces. Consider a m-nucleon irreducibly connected diagram (mnucleon force) in an A-nucleon system (m ≤ A). The number of separately connected pieces is C = A−m+1. Inserting this into eq. (5) together with L = 0 and i ∆ i = 0 yields ν = 2m − 4. Thus, two-nucleon forces (m = 2) appear at ν = 0, three-nucleon forces (m = 3) at ν = 2 (but they happen to cancel at that order), and four-nucleon forces at ν = 4 (they don't cancel). More about this in sect. 4.9.
For later purposes, we note that, for an irreducible N N diagram (A = 2, C = 1), the power formula collapses to the very simple expression
To summarize, at each order ν we only have a well defined number of diagrams, which renders the theory feasible from a practical standpoint. The magnitude of what has been left out at order ν can be estimated (in a crude way) from (Q/Λ χ ) ν+1 . The ability to calculate observables (in principle) to any degree of accuracy gives the theory its predictive power.
The long-and intermediate-range N N potential
The long-and intermediate-range parts of the N N potential are built up from pion exchanges, which are ruled by chiral symmetry. The various pion-exchange contributions may be analyzed according to the number of pions being exchanged between the two nucleons:
where the meaning of the subscripts is obvious and the ellipsis represents 5π and higher pion exchanges. For each of the above terms, we have a low-momentum expansion:
where the superscript denotes the order ν of the expansion. At leading order (LO, ν = 0), only one-pion exchange (1PE) contributes which is given by
where p and p denote the final and initial nucleon momenta in the center-of-mass system, respectively. Moreover, q = p − p is the momentum transfer, and σ 1,2 and τ 1,2 are the spin and isospin operators of nucleon 1 and 2, respectively. The parameters g A , f π , and m π denote the axial-vector coupling constant, pion-decay constant, and the pion mass, respectively. Commonly used values are g A = 1.29, f π = 92.4 MeV, and the average pion mass m π = 138 MeV. Higher order corrections to the 1PE are taken care of by mass and coupling constant renormalizations. Note also that, on shell, there are no relativistic corrections. Thus, the 1PE, eq. (13), applies through all orders or, in other words, V 1π = V
1π . It is customary to take the charge-dependence of the 1PE due to pion-mass splitting into account, because it is considerable. Thus, for proton-proton (pp) and neutronneutron (nn) scattering, one actually uses
and for neutron-proton (np) scattering, one applies
where I = 0, 1 denotes the total isospin of the two-nucleon system and
with m π 0 and m π ± signifying the masses of the neutral and charged pions, respectively. Two-pion exchange starts at next-to-leading order (NLO, ν = 2), because it involves at least one loop [cf. eq. (7)], and continues through all higher orders. Each additional pion-exhange requires at least one more loop. Thus, threepion exchange (3PE) starts at next-to-next-to-next-to-leading order (N 3 LO, ν = 4) and four-pion exchange (4PE) at N 5 LO (ν = 6). With every order, the number of diagrams increases dramatically and so do the mathematical formulas representing them. A complete collection of all diagrams and formulas concerning the 2PE and 3PE contributions through all orders from NLO to N 5 LO can be found in refs. [129, 130] .
As obvious from figs. 2 and 6, there is a close connection between the dynamics in the πN , the N N , and the 3N -systems. In the approach based upon chiral Lagrangians, the connection is made by starting from the same Lagrangians in the evaluation of the different processes and applying the same low-energy constants. Therefore, the πN LECs as determined in πN analysis are used in N N (and 3N ). In table 1, we show the very accurate values as extracted in the Roy-Steiner equations analysis of ref. [131, 132] .
The short-range N N potential
In conventional meson theory (sect. 3.2), the short-range nuclear force is described by the exchange of heavy mesons, notably the ω(782). Qualitatively, the short-distance behavior of the N N potential is obtained by Fourier transform of the propagator of a heavy meson,
ChPT is an expansion in small momenta Q, where Q is too small to resolve structures like a ρ(770) or ω(782) meson, because Q Λ χ ≈ m ρ,ω . But the latter relation allows us to expand the propagator of a heavy meson into a power series,
where the ω is representative for any heavy meson of interest. The above expansion suggests that it should be possible to describe the short distance part of the nuclear force simply in terms of powers of Q/m ω , which fits in well with our over-all power expansion since Q/m ω ≈ Q/Λ χ .
Since such terms act directly between nucleons, they are dubbed contact terms.
Contact terms play also an important role in renormalization. Regularization of the loop integrals that occur in multi-pion exchange diagrams typically generates polynomial terms with coefficients that are, in part, infinite or scale dependent (cf. Appendix B of ref. [124] ). Contact terms absorb infinities and remove scale and cutoff dependences.
Thus, in EFT, the short-range N N potential is described by contributions of the contact type, which are constrained by parity, time-reversal, and the usual conservation laws, but not by chiral symmetry. Terms that include a factor τ 1 · τ 2 (owing to isospin invariance) can be left out due to Fierz ambiguity. Because of parity and time-reversal only even powers of momentum are allowed. Thus, the expansion of the contact potential is formally written as
where the superscript denotes the power or order.
The zeroth order (leading order, LO) contact potential is given by
and, in terms of partial waves,
At second order (NLO), we have
with k ≡ 1 2 (p + p) and S ≡ 1 2 (σ 1 + σ 2 ). Partial-wave decomposition yields
The fourth order (N 3 LO) contacts are
with contributions by partial waves,
The next higher order is the sixth order (N 5 LO) which creates contributions up to F -waves.
The full potential and the N N T -matrix
The full N N potential is the sum of the long-, intermediateand short-range contributions:
Order by order, this is given by:
ct .
The two-nucleon system at low angular momentum, particularly in S waves, is characterized by the presence of a shallow bound state (the deuteron) and large scattering lengths. Thus, perturbation theory does not apply. In contrast to π-π and π-N , the interaction between nucleons is not suppressed in the chiral limit (Q → 0). Weinberg [22] showed that the strong enhancement of the scattering amplitude arises from purely nucleonic intermediate states ("infrared enhancement"). He therefore suggested to use perturbation theory to calculate the N N potential (i.e., the irreducible graphs) and to apply this potential in a scattering equation to obtain the N N amplitude.
The potential V is, in principal, an invariant amplitude (with relativity taken into account perturbatively) and, thus, satisfies a relativistic scattering equation, like, e. g., the Blankenbeclar-Sugar (BbS) equation [133] , which reads,
with E p ≡ M 2 N + p 2 and M N the nucleon mass. The advantage of using a relativistic scattering equation is that it automatically includes relativistic kinematical corrections to all orders. Thus, in the scattering equation, no propagator modifications are necessary when moving up to higher orders.
Defining
and
where the factor 1/(2π) 3 is included for convenience, the BbS equation collapses into the usual, nonrelativistic Lippmann-Schwinger (LS) equation,
Since V satisfies eq. (36), it may be used like a nonrelativistic potential. By the same token, T may be considered as the nonrelativistic T -matrix.
Regularization and non-perturbative renormalization
Iteration of V in the LS equation, eq. (36), requires cutting V off for high momenta to avoid infinities. This is consistent with the fact that ChPT is a low-momentum expansion which is valid only for momenta Q < Λ χ ≈ 1 GeV. Therefore, it is customary to multiply the potential V with a regulator function f (p , p),
A frequently applied (nonlocal) regulator is
for which typically values of the cutoff parameter Λ around 500 ± 100 MeV are used.
It is pretty obvious that results for the T -matrix may depend sensitively on the regulator and its cutoff parameter. This is acceptable if one wishes to build models. For example, the meson models of the past (cf. sect. 3.2) always depended sensitively on the choices for the cutoff parameters. Within those models, this was very welcome, because it provided additional fit parameters to improve the reproduction of the N N phase-shifts and data. However, this attitude is unacceptable for a proper EFT.
In field theories, divergent integrals are not uncommon and methods have been developed for how to deal with them. One regulates the integrals and then removes the dependence on the regularization parameters (scales, cutoffs) by renormalization. In the end, the theory and its predictions do not depend on cutoffs or renormalization scales.
So-called renormalizable quantum field theories, like QED, have essentially one set of prescriptions that takes care of renormalization through all orders. In contrast, EFTs are renormalized order by order.
The renormalization of perturbative EFT calculations (that is ChPT) is not a problem; hence, the renormalization of the N N potential is not a problem.
The problem is nonperturbative renormalization [LS eq. (36)]. This problem typically occurs in nuclear EFT because nuclear physics is characterized by bound states which are nonperturbative in nature. EFT power counting may be different for nonperturbative processes as compared to perturbative ones. Such difference may be caused by the infrared enhancement of the reducible diagrams generated in the LS equation.
Weinberg's discussion in refs. [21, 22] may suggest that the contact terms introduced to renormalize the perturbatively calculated potential, based upon naive dimensional analysis ("Weinberg counting", cf. sects. 4.2 and 4.4), may also be sufficient to renormalize the nonperturbative resummation of the potential in the LS equation.
Weinberg's alleged assumption may not be correct as first pointed out by Kaplan, Savage, and Wise (KSW) [134, 135, 136] who, therefore, suggested to treat 1PE perturbativelya prescrition which, however, has convergence problems [137] . The KSW critique resulted in a flurry of publications on the renormalization of the N N amplitude, and we refer the interested reader to section 4.5 of ref. [124] for an account of the first phase of discussion. However, even today, no generally accepted solution to this problem has emerged and some more recent proposals can be found in refs. [126, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 153] .
Concerning the construction of quantitative N N potential (by which we mean N N potentials suitable for use in contemporary many-body nuclear methods), only Weinberg counting has been used with success during the past 25 years [24, 25, 154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166, 102] .
In spite of the criticism, Weinberg counting may be perceived as not unreasonable by the following argument. For a successful EFT (in its domain of validity), one must be able to claim independence of the predictions on the regulator within the theoretical error. Also, truncation errors must decrease as we go to higher and higher orders. These are precisely the goals of renormalization.
Lepage [167] has stressed that the cutoff independence should be examined for cutoffs below the hard scale and not beyond. Ranges of cutoff independence within the theoretical error are to be identified using Lepage plots [167] . A systematic investigation of this kind has been conducted in ref. [168] . In that work, the error of the predictions was quantified by calculating the χ 2 /datum for the reproduction of the np elastic scattering data as a function of the cutoff parameter Λ of the regulator function eq. (38). Predictions by chiral np potentials at order NLO and NNLO were investigated applying Weinberg counting for the N N contact terms. It is found that the reproduction of the np data at lab. energies below 200 MeV is generally poor at NLO, while at NNLO the χ 2 /datum assumes acceptable values (a clear demonstration of order-by-order improvement). Furthermore, at NNLO, a "plateau" of constant low χ 2 for cutoff parameters ranging from about 450 to 850 MeV can be identified. This may be perceived as cutoff independence (and, thus, successful renormalization) for the relevant range of cutoff parameters.
Alternatively, one may go for a compromise between Weinberg's prescription of full resummation of the potential and Kaplan, Savage, and Wise's [134, 135, 136] suggestion of perturbative pions-as discussed in ref. [152] : 1PE is resummed only in lower partial waves and all corrections are included in distorted-wave perturbation theory. However, since current ab initio calculations are tailored such that they need a potential as input, the question is if there is a way to reconcile those (low-cutoff) potentials with the approch of partially perturbative pions. A first attempt to address this issue has recently been undertaken by Valderrama [153] . Figure 10 provides an overview of how the nuclear potential emerges in ChPT. We will now go through this order by order and compare to both phenomenology and meson models discussed in sects. 3.1 and 3.2, respectively.
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Chiral nuclear forces order by order (vs. phenomenological and meson models)

Leading order (LO)
At LO, we have the static one-pion exchange (1PE), shown in the first row of fig. 10 . As mentioned before, 1PE became established in 1956 [26] and is part of any N N potential model since around 1960. So, at this order, ChPT reproduces what has been done all along.
In addition, at LO, we have two contact contributions with no momentum dependence (∼ Q 0 ), eq. (20) . They are signified by the four-nucleon-leg diagram with one smalldot vertex shown in the first row of fig. 10 .
In spite of its simplicity, the rough LO description captures some of the main attributes of the N N force. First, through the 1PE it generates the tensor component of the force known to be crucial for the two-nucleon bound state (deuteron quadrupole moment). Second, it predicts correctly N N phase parameters for partial waves of very high orbital angular momentum. The two terms, eq. (21), which result from a partial-wave expansion of the contact term impact states of zero orbital angular momentum and allow to fit the S-wave scattering lengths and the deuteron binding energy. [169] and the GWU single-energy np analysis SP07 [170] , respectively.
In fig. 11 we show the contributions to the phase shifts in peripheral N N scattering. Note that N N scattering in peripheral partial waves is of special interest-for several reasons. First, these partial waves probe the long-and intermediate-range of the nuclear force. Due to the high angular momentum 'barrier', there is only small sensitivity to short-range contributions and, in fact, the contact terms up to and including 6th order (N 5 LO) make no contributions for orbital angular momenta L ≥ 4. Thus, for G and higher waves and energies below the pion-production threshold, we have a window in which the N N interaction is governed by chiral symmetry alone (chiral one-and multi-pion exchanges), and we can conduct a clean test of how well the theory works. Due to the smallness of the phase shifts in peripheral waves, the calculation is conducted perturbatively and no regulator is applied, which is another advantage.
In the 1 G 4 state shown in fig. 11 , the 1PE (LO) is obviously insufficient to describe the data. The difference between the 1PE prediction and the data is to be provided by two-and three-pion exchanges, i.e. the intermediate-range part of the nuclear force. How well that is accomplished is a crucial test for any theory of nuclear forces, and it will be interesting to see if and how the higher orders of ChPT fill that gap.
Next-to-leading order (NLO)
Note that there are no terms with power ν = 1, as they would violate parity conservation and time-reversal invariance. Thus, NLO is ν = 2. Two-pion exchange makes its first appearance at this order, which is why it is referred to as "leading 2PE". However, this leading 2PE is not "leading" at all, because it is very weak as clearly seen in fig. 11 At NLO, seven new contacts appear, eq. (22), which impact L = 0 and L = 1 states, eq. (23). (As always in fig. 10 , two-nucleon contact terms are indicated by fournucleon-leg graphs and a single vertex of appropriate shape, in this case a solid square.) At this power, the contact operators include central, spin-spin, spin-orbit, and tensor terms; that is, all the spin structures needed for a realistic description of the 2NF. However, the 2NF is not realistic at all at this order, because the medium-range attraction lacks strength.
Next-to-next-to-leading order (NNLO)
At NNLO, the 2PE contains one ππN N seagull vertex with two derivatives (denoted by a large solid dot in fig. 10 ), which is part of the L (2) πN Lagrangian and proportional to the c i LECs [124, 128] . In terms of resonance saturation [171] , this vertex is equivalent to correlated/resonant 2PE and intermediate ∆(1232)-isobar excitation as illustrated in fig. 12 . Note that the NNLO football diagram in fig. 10 vanishes (for purely mathematical reasons), and only the triangle diagram with one large solid dot contributes. Interpreting this vertex according to fig. 12 suggests that the NNLO triangle is equivalent to the 2πN ∆, ππ-S CORR ( σ) and ρ diagrams of fig. 3 . Thus, there are strong parallels between conventional meson theory and chiral EFT, which is further elucidated in fig. 13 .
As was already well known from conventional meson theory [50, 73] , a 2PE which includes resonance exchange generates the strong intermediate-range attraction needed for a realistic N N force. The N2LO (or NNLO) phase shifts in fig. 11 clearly confirm it.
Besides 2NF contributions, the diagramatic display in fig. 10 includes also many-nucleon forces. Three-nucleon forces appear at NLO, but their net contribution vanishes at that order [23] . The first non-zero 3NF contribution is found at NNLO [172, 173] . It is therefore easy to understand why 3NF are very weak as compared to the 2NF which contributes already at (Q/Λ χ ) 0 .
Next-to-next-to-next-to-leading order (N 3 LO)
Starting at N 3 LO, the number of diagrams grows out of proportion, such that, in fig. 10 , we can display only a few representative samples of them. There is a large attractive one-loop 2PE contribution (the bubble diagram with two large solid dots), which leads to an over-estimation of the medium-range attraction (cf. fig. 11 ). The equivalent diagram from conventional meson theory is clearly the double ∆-exitation, 2π∆∆, shown in fig. 3 , also known to be very attractive [73] .
Two-loop 2PE makes its first appearance (but it is small at this order). Finally, 3PE occurs for the first time, but has negligible size [174, 175] .
The most important feature is the presence of 15 additional contacts ∼ Q 4 , eq. (24), signified by the fournucleon-leg diagram with the diamond-shaped vertex. These contacts impact states with orbital angular momentum up to L = 2 [cf. eq. (25)], and are the reason for the quantitative description of the two-nucleon force (up to approximately 300 MeV in terms of laboratory energy) at this order [124, 155] .
More 3NF diagrams show up at N 3 LO [176, 177] , as well as the first contributions to four-nucleon forces (4NF) [178] We then see that forces involving more and more nucleons appear for the first time at higher and higher orders, which gives theoretical support to the fact that 2NF 3NF 4NF, etc..
N 4 LO
Further (two-loop) 2PE and 3PE occur at N 4 LO (fifth order) [129] . They turn out to be moderately repulsive (cf. fig. 11 ), thus compensating for the surplus attraction generated at N 3 LO by the bubble diagram with two solid dots.
In this context, it is worth noting that also in conventional meson theory [50, 73] (sect. 3.2.2) the one-loop models for the 2PE contribution always show some excess attraction (cf. fig. 10 of ref. [124] ). The same is true for the dispersion theoretic approach pursued by the Paris group (see, e. g., the predictions for 1 D 2 , 3 D 2 , and 3 D 3 in fig. 8 of ref. [71] which are all too attractive). In conventional meson theory [50, 73] , this surplus attraction is compensated by heavy-meson exchanges (ρ-, ω-, and πρexchange) which, however, have no place in chiral effective field theory. Instead, in the latter approach, two-loop 2πand 3π-exchanges provide the corrective action.
The long-and intermediate-range 3NF contributions at this order have been evaluated [128, 179] , but not yet applied in nuclear structure calculations. They are expected to be sizeable. Moreover, a new set of 3NF contact terms appears [180] . The N 4 LO 4NF has not been derived yet. Due to the subleading ππN N seagull vertex (large solid dot), this 4NF could be sizeable.
N 5 LO
We, finally, turn to N 5 LO (sixth order). The dominant 2PE and 3PE contributions to the 2NF have been derived by Entem et al. in ref. [130] . The effects are small indicating the desired trend towards convergence of the chiral expansion for the 2NF. The final result is right on the data, see fig. 11 . In addition, a new set of 26 N N contact terms ∼ Q 6 occurs that contributes up to F -waves (represented by the N N diagram with a star in fig. 10 ), bringing the total number of N N contacts to 50 [181] . The three-, four-, and five-nucleon forces of this order have not yet been derived.
Quantitative chiral N N potentials
The previous section was mainly focused on the (long-and intermediate-ranged) pion-exchange contributions to the N N interaction, which are governed by chiral symmetry and control the higher partial waves. However, a complete N N potential must include also the lower partial waves, where the short-range force represented by contact terms plays a crucial role. Thus, complete N N potentials depend on two sets of parameters, the πN and the N N LECs. The πN LECs are the coefficients that appear in the πN Langrangians and are determined in πN analysis [131, 132] (25) . They are fixed by an optimal fit to the N N data below pion-production threshold, see ref.
[102] for details. N N potentials are then constructed order by order and the accuracy improves as the order increases. How well the chiral expansion converges in important lower partial waves is demonstrated in fig. 14, where we show phase parameters for potentials developed through all orders from LO to N 4 LO [102] . 5 These figures clearly reveal 5 Alternative chiral N N potentials can be found in refs. [154, 155, 156, 157, 158, 159, 160, 161, 162, 163, 164, 165, 166] . substantial improvements in the reproduction of the empirical phase shifts with increasing order.
More indicative for the quality of a theory is the ability to reproduce original data. Therefore, we show in table 2 the χ 2 /datum for the reproduction of the N N data at various orders of chiral EFT. The bottom line of table 2 summarizes the essential point. For the close to 5000 pp plus np data below 290 MeV (pion-production threshold), the χ 2 /datum is 51.4 at NLO and 6.3 at NNLO. Note that the number of N N contact terms is the same for both orders. The improvement is entirely due to an improved description of the 2PE contribution at NNLO as discussed in the previous section. Continuing on the bottom line of table 2, after NNLO, the χ 2 /datum further improves to 1.63 at N 3 LO, which is largely due to an increase in the number of contact terms. Finally at N 4 LO, the almost perfect value of 1.15 is achieved-great convergence.
The evolution of the deuteron properties from LO to N 4 LO of chiral EFT is shown in table 3. In all cases, the deuteron binding energy is fit to its empirical value of 2.224575 MeV using the non-derivative 3 S 1 contact. All other deuteron properties are predictions. Already at NNLO, the deuteron has converged to its empirical properties and stays there through the higher orders.
At the bottom of table 3, we also show the predictions for the triton binding as obtained in 34-channel chargedependent Faddeev calculations using only 2NFs. The results show smooth and steady convergence, order by order, towards a value around 8.1 MeV that is reached at the highest orders shown. This contribution from the 2NF will require only a moderate 3NF. The relatively low deuteron D-state probabilities (≈ 4.1% at N 3 LO and N 4 LO) and the concomitant generous triton binding energy predictions are a reflection of the fact that the N N potentials of ref. [102] are soft (which is, at least in part, due to their non-local character).
Chiral many-body forces
Two-nucleon forces derived from chiral EFT have been applied, often successfully, in the many-body system. On the other hand, over the past several years we have also learnt that, for some few-nucleon reactions and nuclear structure issues, 3NFs are indispensable. The most well-known cases are the so-called A y puzzle of N -d scattering [114] , the ground state of 10 B [183] , and the saturation of nuclear matter [184, 185, 186, 187, 188, 103] . As we observed previously, the EFT approach generates consistent two-and many-nucleon forces in a natural way (cf. the overview given in fig. 10 ). We now shift our focus to chiral threeand four-nucleon forces.
Three-nucleon forces
Weinberg [23] was the first to discuss nuclear three-body forces in the context of ChPT. Not long after that, the first 3NF at NNLO was derived by van Kolck [172] .
For a 3NF, we have A = 3 and C = 1 and, thus, eq. (5) implies
This allows to analyze 3NF contributions in a systematic way.
Next-to-leading order The lowest possible power is obviously ν = 2 (NLO), which occurs in the absence of loops (L = 0) and with only leading vertices ( i ∆ i = 0). As Fig. 15 . The three-nucleon force at NNLO with (a) 2PE, (b) 1PE, and (c) contact diagrams. Notation as in fig. 10 . discussed by Weinberg [23] and van Kolck [172] , the contributions from these diagrams vanish at NLO. So, the bottom line is that there is no genuine 3NF contribution at NLO. The first non-vanishing 3NF appears at NNLO.
Next-to-next-to-leading order The power ν = 3 (NNLO) is obtained when there are no loops (L = 0) and i ∆ i = 1, i.e., ∆ i = 1 for one vertex while ∆ i = 0 for all other vertices. There are three topologies which fulfill this condition, known as the 2PE, 1PE, and contact graphs [172, 173] ( fig. 15 ). The 2PE 3N-potential is derived to be
where p i and p i are the initial and final momenta of nucleon i, respectively, and
It is interesting to observe that there are clear analogies between this force and earlier 2PE 3NFs already proposed decades ago, particularly the Fujita-Miyazawa [88] and the Tucson-Melbourne (TM) [94] forces (cf. sect. 3.3). In fact, based upon the chiral 3NF at NNLO, the TM force was corrected [189] leading to what became known as the TM' or TM99 force [190] .
The 2PE 3NF does not introduce additional fitting constants, since the LECs c 1 , c 3 , and c 4 are already present in the 2PE 2NF. Besides, since c i 's determined in πN analysis [131, 132] are used, the consistency of the chiral 2PE 3NF with the empirical πN amplitude is automatic and guaranteed (cf. discussion of this issue in sect. 3.3).
The other two 3NF contributions shown in fig. 15 are given by (42) and
These 3NF potentials introduce two additional constants, D and E, which can be constrained in more than one way. One may use the triton binding energy and the nd doublet scattering length 2 a nd [173] or an optimal global fit of the properties of light nuclei [191] . Alternative choices include the binding energies of 3 H and 4 He [192] or the binding energy of 3 H and the point charge radius of 4 He [184] . Another method makes use of the triton binding energy and the Gamow-Teller matrix element of tritium β-decay [193] .
When the values of D and E are determined, the results for other observables involving three or more nucleons are true theoretical predictions. Applications of the leading 3NF include few-nucleon reactions [173, 194, 195] , structure of light-and mediummass nuclei [161, 196, 197, 198, 199, 200, 201, 202, 203, 204, 205, 206, 207, 208, 209] , and infinite matter [185, 186, 187, 188, 103, 184, 210, 211, 212] , often with satisfactory results. Some problems, though, remain unresolved, such as the wellknown 'A y puzzle' [173, 114, 195] .
In summary, the leading 3NF of ChPT is a remarkable contribution. It gives validation to, and provides a better framework for, 3NFs which were proposed already five decades ago; it alleviates existing problems in few-nucleon reactions and the spectra of light nuclei. Nevertheless, we still face several challenges. With regard to the 2NF, we have discussed earlier that it is necessary to go to order four or even five for convergence and high-precison predictions. Thus, the 3NF at N 3 LO must be considered simply as a matter of consistency with the 2NF sector. At the same time, one hopes that its inclusion may result in further improvements with the aforementioned unresolved problems.
Next-to-next-to-next-to-leading order At N 3 LO, the loop diagrams shown in fig. 16 occur. Since a loop carries L = 1, all ∆ i have to be zero to ensure ν = 4 [cf. eq. (39)]. Thus, these one-loop 3NF diagrams can include only leading order vertices, the parameters of which are fixed from πN and N N analysis. The diagrams have been evaluated by the Bochum-Bonn group [176, 177] . The long-range part of the chiral N 3 LO 3NF has been tested in the triton and in three-nucleon scattering [213] leaving the N -d A y puzzle unresolved. The long-and short-range parts of this force have been applied in nuclear and neutron matter calculations [214, 215, 216, 217] as well as in the structure of medium-mass nuclei [218, 219] .
The 3NF at N 4 LO In regard to some unresolved issues, one may go ahead and look at the next order of 3NFs, which is N 4 LO or ν = 5. The loop contributions that occur at this order are obtained by replacing in the N 3 LO loops one vertex by a ∆ i = 1 vertex (with LEC c i ), fig. 17 , which is why these loops may be more sizable than the N 3 LO loops. The 2PE, 1PE-2PE, and ring topologies have been evaluated [128, 179] so far. In addition, we have three 'tree' topologies ( fig. 18 ), which include a new set of 3N contact interactions that has been derived by the Pisa group [180] . The N 4 LO 3NF contacts have been applied with success in calculations of few-body reactions at low energy solving the p-d A y puzzle [220] , fig. 19 .
Four-nucleon forces
For connected (C = 1) A = 4 diagrams, eq. (5) yields
We then see that the first (connected) non-vanishing 4NF is generated at ν = 4 (N 3 LO), with all vertices of leading type, fig. 20 . This 4NF has no loops and introduces no novel parameters [178] . For a reasonably convergent series, terms of order (Q/Λ χ ) 4 should be small and, therefore, chiral 4NF contributions are expected to be very weak. This has been confirmed in calculations of the energy of 4 He [222] as well as neutron matter and symmetric nuclear matter [214] .
The effects of the leading chiral 4NF in symmetric nuclear matter and pure neutron matter have been worked out by Kaiser et al. [223, 224] .
Uncertainty quantification
When applying chiral two-and many-body forces in ab initio calculations producing predictions for observables of nuclear structure and reactions, major sources of uncertainties are [225]:
1. Experimental errors of the input N N data that the 2NFs are based upon and the input few-nucleon data to which the 3NFs are adjusted. 2. Uncertainties in the Hamiltonian due to (a) uncertainties in the determination of the N N and 3N contact LECs, (b) uncertainties in the πN LECs, (c) regulator dependence, (d) EFT truncation error. 3. Uncertainties associated with the few-and many-body methods applied.
For a thorough discussion of all aspects, see ref. [102] , where it was concluded that regulator dependence and EFT truncation error are the major source of uncertainty.
The choice of the regulator function and its cutoff parameter creates uncertainty. Originally, cutoff variations were perceived as a demonstration of the uncertainty at a given order (equivalent to the truncation error). However, in various investigations [187, 162] it has been shown that this is not correct and that cutoff variations, in general, underestimate this uncertainty. Therefore, the truncation error is better determined by sticking literally to what 'truncation error' means, namely, the error due to ignoring contributions from orders beyond the given order ν. The largest such contribution is the one of order (ν + 1), which one may, therefore, consider as representative for the magnitude of what is left out. This suggests that the truncation error at order ν can reasonably be defined as
where X ν denotes the prediction for observable X at order ν. If X ν+1 is not available, then one may use,
choosing a typical value for the momentum Q, or Q = m π . Alternatively, one may also apply more elaborate definitions, like the one given in ref. [162] . Note that one should not add up (in quadrature) the uncertainties due to regulator dependence and the truncation error, because they are not independent. In fact, it is appropriate to leave out the uncertainty due to regulator dependence entirely and just focus on the truncation error [162] . The latter should be estimated using the same cutoff (e. g., Λ = 500 MeV) in all orders considered. The bottom line is that the most substantial uncertainty is the truncation error. This is the dominant source of (systematic) error that can be reliably estimated in the EFT approach.
Conclusions
In this article, we have contrasted the traditional models for nuclear forces with the chiral EFT approach. The principal superiority of chiral EFT lies in the fact that-via symmetries-it is much more closely related to low-energy QCD than any of the earlier phenomenologies.
Moreover, while in the traditional (meson-theoretic) approach nuclear forces are expressed as an expansion in terms of decreasing ranges (or increasing meson masses), chiral EFT is an expansion in powers of (low) nucleon momenta. Such expansion allows to estimate the uncertainty of the predictions. Via fig. 12 , we showed that there is a close relationship between both schemes, as it should be, since, afterall, both deal with the same basic content (cf. also fig. 13 ). However, while the contributions represented in figs. 1-4 offer no formal guidance concerning what is more or less important, the order-by-order hierarchy of fig. 10 introduces a superior scheme.
The advantage of the chiral EFT approach becomes even more obvious for multi-nucleon forces. The suggested 3NFs that were advanced during Era II, figs. 5-9, show a jumble of contributions whose individual relevance and size are hard to estimate. Diagrams such as those shown in figs. 5-9 have been included in microscopic calculations in a more or less arbitrary way and with questionable success as discussed in sect. 3.3. Thus, the many-body force sector, in particular, calls for more and better systematics. The order-by-order arrangement in chiral EFT as shown in the where ψ collects the Dirac spinor nucleon fields. In contrast to common practice, one does not expand around the static nucleon limit, which would amount to collapsing the five LECs onto two independent combinations, Eq. (36), which parametrize the central and spin-spin short-range potential. Instead, all five LECs are considered on an equal footing, generating further spin operators, among which the spin-orbit term. This procedure yields a much faster convergence of the low-energy expansion, since at each order there are more adjustable parameters. We can apply the same procedure to the three-nucleon case by writing all possible relativistically invariant six-nucleon operators, symmetric under isospin, charge-conjugation (C), parity (P), and time reversal (T ) transformations. The transformation properties of the different space-time and isospin structure inside fermion bilinears under the discrete symmetries are displayed in Table V To summarize, the strong formal points which render chiral EFT superior to the traditional phenomenlogical or meson-theoretic approaches are: Chiral EFT is rooted in low-energy QCD (sect. 4); -is, in principal, model-independent (sect. 4.6); -occurs with an organizational scheme ('power counting', sect. 4.2) that allows to quantify the uncertainty of predictions (sect. 4.10);
generates two-and many-body forces on an equal footing (cf. fig. 10 and sect. 4.7).
But the strength of chiral EFT extends beyond a purely formal level. Ab inito calculations applying chiral nuclear forces are much more successful and quantitative than calculations applying the traditional two-and three-body forces. We recall here only a few although outstanding examples. An old problem in microscopic nuclear theory has been the proper explanation of nuclear matter saturation. Though it was speculated early on that the addition of a 3NF might solve the problem, nonrelativistic calculations with phenomenological 3NFs failed to do so [77, 100, 105] as demonstrated in fig. 7 . In contrast, the chiral 3NF at only leading order (NNLO) has the ability to solve that problem [184, 185, 186, 187, 188, 103] (cf. fig. 7 ). Similar observations can be made about intermediate-mass nuclei: While the traditional approach fails badly in the intermediate-mass region [112] , chiral EFT based two-and three-body forces generate excellent predictions [161, 205, 206, 207, 208, 209, 219] (fig. 21 ). The N -d A y puzzle, which could never be resolved with phenomenological 3NFs [115] , is another example for the success of EFT based 3NFs (this time, of higher order) [220] , see fig. 19 . Thus, it is fair to say that chiral EFT represents substantial progress and improvement as compared to the traditional approaches. But since EFT is a field theory, the standards to which it must measure up are higher than for a model. A sound EFT must be renormalizable and allow for a proper power counting (order-by-order arrangement). The presently used chiral nuclear potentials are based on naive dimensional analysis ('Weinberg counting', sect. 4.2) and apply a cutoff regularization scheme (sect. 4.6). In that scheme, one wishes to see cutoff independence of the results. Such independence is seen to a good degree below the breakdown scale [168, 212, 186] , but to which extent that is satisfactory is controversial. The problem is due to the nonperturbative resummation necessary for typical nuclear physics problems (bound states). However, there is hope that from the current discussion [126, 138, 139, 140, 141, 142, 143, 144, 145, 146, 147, 148, 149, 150, 151] constructive solutions may emerge [152, 153] .
In conclusion, considering both formal aspects and evidence of successful applications, one may say that chiral EFT has brought a considerable degree of satisfaction to the field of nuclear forces. It is unclear, though, whether the remaining unresolved issues will be settled in a satisfactory manner in the near future.
